The object of this paper is to assess associations between serum uric acid (UA) and pulmonary arterial hypertension (PAH) risk, disease severity, and mortality in a well-characterized cohort of systemic sclerosis (SSc) patients referred for evaluation of possible PAH. Consecutive SSc patients aged >18 years with serum UA drawn within two weeks of a diagnostic right heart catheterization (RHC) were included. Associations between baseline serum UA and PAH at RHC were examined using logistic regression and receiver operating characteristic curves. Relationships between UA levels and metrics of disease severity were assessed using Pearson and Spearman correlation. Associations between UA and survival were assessed using Kaplan-Meier analysis and Cox proportional hazard modeling. A total of 162 SSc patients were included; 82 received a diagnosis of PAH at RHC. Patients found to have PAH had significantly higher UA than those without PAH. Elevated baseline UA was associated with significantly increased odds of PAH diagnosis at RHC (odds ratio [OR] ¼ 4.07, 95% confidence interval [CI] ¼ 2.11-7.87, P < 0.001). Each mg/dL higher UA was associated with a 14% increase in mortality (hazard ratio [HR] ¼ 1.14, 95% CI ¼ 1.02-1.28, P < 0.05). In multivariable models adjusting for potential confounders of the relationship between UA and survival, UA > 6.3 mg/dL remained significantly associated with increased mortality (HR ¼ 1.84, 95% CI ¼ 1.02-3.32, P < 0.05). Among SSc patients with suspected PAH, elevated serum UA is associated with increased risk of SSc-PAH. Among individuals diagnosed with SSc-PAH by RHC, UA is associated with disease severity and survival. These results indicate UA is a useful predictor of PAH risk and prognosis in SSc.
make effective and reliable PAH screening particularly relevant to the SSc population. There is evidence to suggest that formal screening in SSc enables earlier detection and thereby earlier treatment of PAH; however, optimal screening strategies are poorly defined. 4 Once a diagnosis of SSc-PAH is made, estimating prognosis is challenging, as SSc patients often have coexistent physical problems and functional limitations that confound traditional measures of evolving pulmonary vascular disease, such as the 6-min walk test. Further, it has been established that echocardiographic estimates of pulmonary pressures, which are often used for screening and monitoring patients, correlate poorly with invasive hemodynamic measures at right heart catheterization (RHC). 5 This leaves the clinician with limited tools available for non-invasive detection of disease or determination of disease severity. In light of these challenges, biomarkers for early detection and novel assessments of disease severity in this at-risk population have the potential to improve outcomes.
A recent multicenter study, the DETECT study, sought to develop an early detection algorithm for SSc-PAH by examining associations between >100 individual clinical variables (serum markers, echocardiogram, and electrocardiogram [EKG] parameters) measured in high-risk SSc patients (a diffusing capacity for carbon monoxide [DLCO] <60% predicted was required for inclusion in the study) and a diagnosis of PAH at RHC. 6 Uric acid (UA) was one of several parameters found to predict SSc-PAH in this cohort and was incorporated into the final DETECT screening algorithm. Though there are data supporting the use of UA as a prognostic biomarker in idiopathic PAH (IPAH), 7, 8 there were few data supporting an association between UA and SSc-PAH risk before the DETECT study, and no previous study has investigated associations between UA and disease severity or survival in SSc-PAH. We hypothesized that in addition to predicting PAH risk in SSc, UA might also serve as a marker of disease severity and survival in SSc-PAH. Thus, in this study, we sought to: (1) validate UA as a predictor of PAH in SSc in a well-characterized cohort of at-risk SSc patients; (2) assess relationships between UA levels and disease severity; and (3) investigate the relationship between UA and survival in individuals with incident, treatment-naı¨ve SSc-PAH.
Patients and methods
The Johns Hopkins Pulmonary Hypertension Program (JHPHP) maintains an Institutional Review Boardapproved registry of patients evaluated in the clinical practice. This registry was queried for all SSc patients who were referred to our center in 2005-2017 for evaluation of possible pulmonary hypertension (PH). Reasons for referral of SSc patients to the JHPHP include unexplained dyspnea, elevated serum N-terminal pro-brain natriuretic peptide (NT-proBNP), a ratio of percent predicted forced vital capacity (FVC) to percent predicted DLCO >1.6, a decline in absolute DLCO on serial pulmonary function tests (PFTs) by 15%, or echocardiographic evidence of right ventricular (RV) dysfunction, such as RV or right atrial (RA) dilation or RV systolic pressure 45 mmHg. 9, 10 Since 2005, the JHPHP has routinely collected UA before RHC for patients with suspected PH. To ensure a tight temporal association between UA levels and hemodynamic measures of disease severity, we included individuals with a UA level measured within two weeks of diagnostic RHC. Baseline clinical data were abstracted for each participant aged >18 years with a diagnosis of SSc, including demographics, co-morbid conditions, hemodynamics, laboratory data, 6-min walk distance (6MWD), World Health Organization functional class (WHO FC), and PFTs. In accordance with 2015 ESC/ ERS guidelines, PH was defined as a mean PAP (mPAP) 25 mmHg. Group I disease, or PAH, was defined as mPAP 25 mmHg, pulmonary capillary wedge pressure (PCWP) 15 mmHg, and pulmonary vascular resistance (PVR) >3 Wood units, in the absence of other known causes of PH.
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Group III disease, or interstitial lung disease-associated PH (ILD-PH) was defined as FVC 60% predicted with moderate fibrosis on chest computed tomography (CT), as previously described. 12 Other PH classifications were designated according to the WHO classification system for PH. 13 The presence of SSc was determined by expert opinion according to American College of Rheumatology (ACR) 1980 criteria for patients enrolled through 2013, after which revised ACR/European League against Rheumatism classification criteria were applied. 14, 15 Patients who had received PAH-specific therapy before evaluation at our center were excluded from analysis. Patients whose index RHC was performed at an outside institution were also excluded. Survival was determined by review of the electronic record and search of the Social Security Death Index.
Statistical analysis
Data are summarized using descriptive statistics. Continuous variables are reported as means with standard deviations or medians with interquartile ranges (IQR). Categorical variables are reported as frequencies and proportions. Comparisons between variables were made using the t-test or Wilcoxon rank-sum test, as appropriate. Relationships between UA and continuous clinical variables were assessed using Spearman or Pearson correlation, as appropriate. Logistic regression was performed to examine relationships between common non-invasive markers, including UA levels, and the odds of disease presence. Likelihood ratio tests were performed and receiver operating characteristic (ROC) curves were compared to characterize UA's ability to discriminate PAH compared to other non-invasive markers. UA was examined as a continuous variable and as a categorical variable dichotomized at the ROC optimal threshold. Associations between UA and survival were examined using the Kaplan-Meier product limit estimator and Cox proportional hazard modeling.
UA was entered into univariable and multivariable models as a continuous variable and as a categorical variable dichotomized at the median. Factors known to impact UA levels and potential confounders of the relationship between UA and survival were incorporated into multivariable models. The proportional hazards assumption was examined for all covariates using a continuous time-varying predictor and generalized linear regression of scaled Schoenfeld residuals on functions of time. 16, 17 Potential confounders were limited to 1 per 10 events to avoid over-fitting of the models. 18 Because of recognized sex-associated differences in UA levels and sex disparities in survival in SSc-PAH, 7, 19 survival analyses were also conducted in male and female subgroups. Interaction terms were used to formally test for interactions between UA levels and sex and their relationship with survival in SSc-PAH. Four patients lost to follow-up within three months of diagnostic RHC were not included in survival analyses. A P value < 0.05 was considered statistically significant for main effects and a P value < 0.10 was considered statistically significant for interactions in this modestly sized cohort. 20 All analyses were performed using Stata version 14.0 (StataCorp., College Station, TX, USA).
Results

Patient characteristics
A total of 245 patients with SSc who underwent RHC between January 2005 and September 2017 were considered for inclusion ( Fig. 1) . Thirty-three of these patients were excluded because their index RHCs were performed at an outside institution. Fifty patients were excluded because UA was not collected within two weeks of RHC. In total, 162 individuals met the inclusion criteria and were included in the cohort for analysis; 112 patients were found to have PH, while 50 patients did not have PH. Among those 112 patients found to have PH, 82 were diagnosed with WHO group I disease, 12 with WHO group II disease, and 17 with WHO group III disease. One patient was diagnosed with chronic thromboembolic PH (CTEPH; group IV disease).
The demographic and clinical characteristics of the full cohort are summarized in Table 1 . Overall, the majority of patients were white women aged approximately 60 years. The median UA for the cohort was 6.3 mg/dL. Patients with PH had a higher median UA than those without PH (6.7, IQR ¼ 5.2-8.1 vs. 5.15, IQR ¼ 4.5-6.3 mg/dL, P < 0.05). The mean estimated glomerular filtration rate (eGFR) calculated by the Modification of Diet in Renal Disease (MDRD) Study equation 21 was >60 mL/min, consistent with normal renal function; this did not differ between those with and without PH. As expected, individuals with PH had higher pulmonary pressures compared to those without PH. A higher proportion of participants with PH had co-morbid hypertension (HTN) (40%), diabetes mellitus (11%), and coronary disease (7%) than those without PH; a higher proportion of participants with PH were prescribed diuretic therapy (51% vs. 32%). Patients with WHO group I disease had higher UA (6.85, IQR ¼ 5.4-8.3 in group I vs. 6.05, IQR ¼ 4.75-7.55 mg/dL in groups II and III, P < 0.05) and more abnormal hemodynamics (higher mPAP and PVR, lower cardiac index (CI)) than those in other WHO groups (Supplemental Table 1 ). Participants were followed for a median of 49 months (IQR ¼ 28-77 months) from the time of RHC to the time of death or censor. Of the patients found to have PAH 90% were treated with pulmonary vasodilator therapy after diagnosis (58% received combination therapy and 42% received monotherapy). Of the patients diagnosed with Group II/ Fig. 1 . Flowchart demonstrating selection of study cohort and classification of participants.
III disease, 65% received PH therapies off label (89% of those treated received monotherapy). There was a total of 77 deaths in the full cohort over the study period, for a 48% mortality rate overall. Forty-eight deaths occurred within the PAH subgroup (48/82), six deaths within group II (6/ 12), and eight deaths within group III (8/17). Fifteen deaths occurred in patients without PH.
UA as a predictor of risk of PAH UA levels were significantly higher in patients found to have PAH (6.9 mg/dL, IQR ¼ 5.4-8.3 mg/dL) compared with those with no PH (median UA ¼ 5.2 mg/dL, IQR ¼ 4.5-6.3 mg/dL) (Supplemental Figure 1) . For every mg/dL higher UA at the time of RHC, the odds of PAH increased by 51% (odds ratio [OR] ¼ 1.51, 95% confidence interval [CI] ¼ 1.24-1.84, P < 0.001). The odds of PAH at RHC for SSc patients with UA > 6.2 mg/dL (the ROC optimal threshold for disease detection) were four times higher than for those with UA 6.2 mg/dL (OR ¼ 4.07, 95% CI ¼ 2.11-7.87, P < 0.001). ROC analysis showed UA discriminated PAH from no PH with area under the curve (AUC) 0.725, P < 0.01, and sensitivity and specificity were 68% and 74%, respectively. The AUC for NT-proBNP (0.721, P < 0.001) and for DLCO % predicted (0.721, P < 0.001), two other commonly used screening biomarkers, were not statistically different from the AUC for UA, demonstrating non-inferiority of UA relative to NT-proBNP or DLCO % predicted for detection of PAH (Fig. 2) . Adding UA to a logistic regression model with NT-proBNP and DLCO % Values are presented as mean (SD) or n (%) unless otherwise specified. BMI, body mass index; WHO FC, World Health Organization functional class; 6MWD, 6-min walk distance; eGFR, estimated glomerular filtration rate; UA, uric acid; RAP, right atrial pressure; mPAP, mean pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; CO, cardiac output; CI, cardiac index; PVR, pulmonary vascular resistance; FVC, forced vital capacity; FEV1, forced expiratory volume in 1 s; DLCO, diffusing capacity for carbon monoxide; HTN, hypertension; IQR, interquartile range.
predicted significantly improved prediction of PAH (likelihood ratio v 2 5.08, P < 0.05). The AUC for a multivariable logistic regression model incorporating all three markers (NT-proBNP, DLCO % predicted, and UA) was significantly higher than the AUC for any one marker (0.844, P < 0.05, Supplemental Table 2 ), demonstrating the value of adding UA to other common noninvasive predictors of PAH.
UA as a marker of disease severity
Among patients with PAH, baseline UA correlated positively with mPAP (r ¼ 0.44, P < 0.01), right atrial pressure (RAP) (r ¼ 0.42, P < 0.01), and PVR (r ¼ 0.37, P < 0.01) and negatively with cardiac output (r ¼ -0.24, P < 0.05), and cardiac index (r ¼ -0.32, P < 0.05). UA correlated positively with WHO FC (r ¼ 0.27, P < 0.05), NT-proBNP (r ¼ 0.34, P < 0.01), and creatinine (Cr) (r ¼ 0.51, P < 0.01). Interestingly, there was no relationship between baseline serum UA and 6MWD in men, but there was a modest correlation in women (r ¼ -0.3, P < 0.01).
When disease severity metrics of SSc-PAH patients with UA levels higher than the median were compared with severity metrics of patients with UA levels lower than the median, significant differences were observed in 6MWD, WHO FC, RAP, mPAP, and PVR (Table 2) .
UA as a predictor of mortality
In the full cohort, comparison of baseline serum UA between survivors and non-survivors showed a significantly higher median UA in non-survivors (6.6, IQR ¼ 5.2-8.1 vs. 5.6, IQR ¼ 4.5-7.1 mg/dL, P < 0.01). When Kaplan-Meier survival curves were plotted according to the cohort median UA (6.3 mg/dL), elevated UA was associated with higher mortality (log-rank v 2 ¼ 6.12, P < 0.05).
Univariable Cox proportional HR) for clinical variables, including UA and other common prognostic biomarkers, are presented for both the overall cohort and for the PAH subgroup in Supplemental Table 3 . In the overall cohort, UA greater than the median (6.3 mg/dL) was associated with a significantly increased risk of death, with a HR of 1.77 (95% CI 1.12-2.80, p<0.05). When examined as a continuous variable, each mg/dL higher UA was associated with a 14% increase in mortality (hazard ratio [HR] ¼ 1.14, 95% CI ¼ 1.02-1.28, P < 0.05). The relationship between elevated UA and mortality persisted in a multivariable model adjusting for age, sex, BMI, eGFR, presence of PAH, presence of systemic HTN, and treatment status (no PH-specific therapy, monotherapy, or combination therapy) (HR ¼ 1.84, 95% CI ¼ 1.02-3.32, P < 0.05) (Fig. 3) .
In multivariable analyses of individuals with SSc-PAH, the relationship between UA and mortality persisted with adjustment for age, sex, BMI, and: treatment status; uratelowering therapy; HTN; diabetes; and coronary disease. The relationship was attenuated with adjustment for alternative prognostic markers, including WHO FC, 6MWD, DLCO % predicted, and NT-proBNP (Table 3) . Interaction models demonstrated quantitative differences in the estimated hazard of elevated UA by sex with a P value of 0.06. In a stratified analysis of women with SSc-PAH, the association between UA and survival was stronger and persisted with adjustment for potential confounders of the relationship between UA and survival (Table 3 ). There was an insufficient sample size to conduct multivariable modeling in men with SSc-PAH.
Discussion
To our knowledge, this is the first study to directly examine the utility of serum UA as a predictor of disease severity and survival in patients with SSc-PAH. We found significant Values are given as mean (SD) unless otherwise specified. WHO FC, World Health Organization functional class; 6MWD, 6-min walk distance; RAP, right atrial pressure; mPAP, mean pulmonary arterial pressure; PCWP, pulmonary capillary wedge pressure; CO, cardiac output; CI, cardiac index; PVR, pulmonary vascular resistance.
differences in metrics of disease severity in patients with high versus low UA; UA levels were associated with survival in both the full at-risk SSc cohort and in patients with SSc-PAH. Our results also confirm the association between elevated UA and PAH risk observed in the DETECT study. Serum UA obtained near the time of diagnostic RHC was significantly higher in SSc patients found to have PAH compared with SSc patients without PAH. The presence of a UA level > 6.2 mg/dL at the time of RHC conferred a fourfold increased odds of diagnosing PAH in our cohort. Importantly, combining UA with other commonly used non-invasive screening biomarkers significantly improved prediction of PAH at RHC.
Previous studies have shown the diagnostic and prognostic utility of serum UA in other forms of PAH. In IPAH, UA correlates with disease severity and declines with initiation of vasodilator therapy. 7 Decreases in serial UA levels in IPAH patients on pulmonary vasodilator therapy have been associated with longer survival and delayed clinical worsening. 8 UA has also been implicated in a variety of other cardiovascular and metabolic diseases, such as coronary atherosclerosis, diabetes, and obesity. 22 Interestingly, UA risk thresholds for poor outcomes across different cardiovascular disease states have been in the range of 5-6 mg/dL, falling within what has historically been considered the ''normal'' range for UA. 23, 24 In the DETECT study, the mean UA among SSc-PAH patients was 5.9 mg/dL. Thus, a top-normal UA level of 6.2 mg/dL, the optimal threshold for disease detection in our cohort, aligns with these prior findings.
The potential for serum UA to serve as a biomarker in SSc-PAH may reflect biologically relevant metabolic alterations in PAH and in scleroderma. UA is the final product of purine catabolism in humans and is generated by the oxidative action of the enzyme xanthine oxidoreductase (XOR) on xanthine, which also results in the generation of reactive oxygen species (ROS). 25 Purine degradation products metabolized by XOR were among several plasma Table 3 . Multivariable Cox proportional hazard ratios (HR) for survival.
All SSc-PAH HR (95% CI, P value) (n ¼ 82) Fig. 3 . Cox proportional hazard curves for individuals with UA levels above vs. below the cohort median (6.3 mg/dL) in the full SSc cohort adjusted for age, sex, BMI, eGFR, presence of PAH, presence of systemic HTN, and treatment status (no PH-specific therapy, monotherapy, or combination therapy).
metabolites identified as closely linked with RV-pulmonary vascular dysfunction in a recently published metabolic profile of human patients with PH. 26 In SSc, increased ROS production and deficient antioxidant defense mechanisms are thought to contribute to disease pathogenesis, 27, 28 and scleroderma is regarded as a disease of increased oxidative stress. Studies have demonstrated that ROS cause endothelial cell damage, intimal thickening, and fibroblast production, [29] [30] [31] factors which may contribute to vascular injury in PAH.
Whether UA plays a causal role in PAH pathogenesis or serves only as an easily measurable surrogate for XOR activity is unclear. Preclinical models support contributory roles for both XOR and UA in the pathobiology of PAH. In a rat model of hypoxia-induced PH, XOR activity significantly increased during hypoxic exposure, and pulmonary pressures, RV hypertrophy, and pulmonary vascular remodeling were significantly attenuated when animals were treated with the XOR inhibitor allopurinol. 32 In vitro, UA stimulates platelet-derived growth factor and vasoconstrictors such as thromboxane, angiotensin II, and endothelin 1. [33] [34] [35] [36] [37] In a porcine model, UA stimulated the enzyme arginase, thereby reducing levels of the pulmonary vasodilators nitric oxide (NO) and cyclic guanine monophosphate (cGMP). 38 Additional studies are needed to investigate the roles of UA and XOR in the pathophysiology of SSc-PAH, as XOR may represent a plausible therapeutic target. In systemic hypertension, XOR inhibition with allopurinol has been associated with reductions in blood pressure. 39 In patients with left heart failure, administration of allopurinol has been associated with improvements in myocardial efficiency, endothelial function, and 6MWD, as well as reductions in NT-proBNP. [40] [41] [42] In one notable heart failure study, endothelial function improved in participants given allopurinol compared with those given placebo; however improved endothelial function was not observed in participants given probenecid, a uricosuric drug that has no effect on XOR activity. 42 Proportionate reductions in UA were seen with both drugs, suggesting improved endothelial function was brought about by blocking the oxidative action of XOR, rather than by simply lowering UA. Future studies are needed to investigate the effects of XOR inhibitors and other urate-lowering therapies in PAH.
Our study offers several advantages over prior studies of UA in SSc. All patients included were diagnosed with PH by the gold standard, RHC. UA levels were measured within two weeks of RHC, limiting the effect of fluctuations in serum UA levels that may occur with time. Additionally, factors known to affect UA levels, such as sex, renal function, diuretic use, urate-lowering therapies, pulmonary vasodilator therapies, and the presence of co-morbidities such as HTN, diabetes mellitus, and coronary disease were incorporated into multivariable models.
This study has some limitations. While we did not require high-risk features to be present for inclusion in our cohort, the majority of patients were referred to our center for evaluation of suspected PH. The DETECT study required that patients have a measured DLCO < 60% predicted and SSc for at least three years in order to be included. Thus, neither our cohort nor the DETECT cohort represents a truly unselected, asymptomatic SSc population, which is the population to which screening strategies must be calibrated. It is notable, however, that 42% of participants in our SSc cohort had a DLCO > 60% predicted; moreover, 27% of the patients ultimately found to have PAH in our cohort had a DLCO > 60% predicted, implicating greater generalizability of these results than suggested by DETECT. Additionally, there are multiple factors aside from XOR activity that impact the generation and excretion of UA. We did not measure XOR activity directly in this study and it is was not feasible to account for all possible factors impacting UA levels in our analyses. This multiplicity of factors affecting UA generation and excretion may represent a real-world limitation to the use of UA as a biomarker. Finally, this is a single-center study with a limited number of male participants, and our results suggest associations between UA levels and survival may differ according to sex. Additional investigation in multi-center cohorts with larger numbers of male participants is warranted.
In conclusion, refining methods for screening and accomplishing early detection of PAH in the SSc population is essential. This study demonstrates that elevated UA is associated with fourfold increased odds of PAH in SSc patients and that combining UA with other non-invasive markers of disease improves prediction of PAH. Further, UA correlates with disease severity; increased UA is associated with increased risk of mortality in both SSc and in SSc-PAH. Taken together, our results suggest that serum UA is a valuable biomarker in the non-invasive assessment of disease risk, severity, and outcomes in SSc-PAH. Future studies are needed to confirm these results in larger populations of unselected, asymptomatic SSc patients. Additional investigation is needed to elucidate mechanisms underlying increased UA production and to assess the effects of XOR inhibition in SSc-PAH.
